Carbapenem-hydrolyzing class D ␤-lactamases (CHDLs) are enzymes of the utmost clinical importance due to their ability to produce resistance to carbapenems, the antibiotics of last resort for the treatment of various life-threatening infections. The vast majority of these enzymes have been identified in Acinetobacter spp., notably in Acinetobacter baumannii. The OXA-2 and OXA-10 enzymes predominantly occur in Pseudomonas aeruginosa and are currently classified as narrow-spectrum class D ␤-lactamases. Here we demonstrate that when OXA-2 and OXA-10 are expressed in Escherichia coli strain JM83, they produce a narrow-spectrum antibiotic resistance pattern. When the enzymes are expressed in A. baumannii ATCC 17978, however, they behave as extended-spectrum ␤-lactamases and confer resistance to carbapenem antibiotics. Kinetic studies of OXA-2 and OXA-10 with four carbapenems have demonstrated that their catalytic efficiencies with these antibiotics are in the same range as those of some recognized class D carbapenemases. These results are in disagreement with the classification of the OXA-2 and OXA-10 enzymes as narrow-spectrum ␤-lactamases, and they suggest that other class D enzymes that are currently regarded as noncarbapenemases may in fact be CHDLs.
T
he major mechanism of resistance to ␤-lactams in Gram-negative pathogens is the production of ␤-lactamases, which are enzymes capable of hydrolyzing the four-membered ␤-lactam ring of antibiotics, rendering them inactive. More than 1,000 individual ␤-lactamases have been reported, and their number is steadily growing. Based on the conservation of the active-site amino acid residues and motifs that are critical for substrate recognition and catalysis, ␤-lactamases are classified into classes A through D. Class D ␤-lactamases, also known as OXA-type enzymes or oxacillinases, are represented by more than 350 genetically diverse enzymes (see http://www.lahey.org/studies/webt .asp) that are widely disseminated in Gram-negative bacteria. They are broadly classified into narrow-and extended-spectrum enzymes based upon the conferred resistance profile against ␤-lactam antibiotics (1-3). The OXA-2 and OXA-10 ␤-lactamases exemplify the narrow-spectrum enzymes capable of producing resistance to penicillins and some early cephalosporins (4) . Both enzymes, however, can extend their substrate profile to produce resistance to expanded-spectrum cephalosporins, such as ceftazidime, by accumulating one to several amino acid substitutions (5) (6) (7) (8) (9) (10) (11) (12) . Class D carbapenemases, also known as carbapenem-hydrolyzing class D ␤-lactamases (CHDLs) (4) , represent a further expansion of the substrate profile of class D enzymes to include carbapenem antibiotics. CHDLs are most problematic clinically, as they produce resistance to the antibiotics of last resort, carbapenems, thus severely limiting therapeutic options. Based on their amino acid sequence identity, CHDLs have been subdivided into several subgroups. Enzymes belonging to the OXA-23, OXA-24/ 40, OXA-48, OXA-51, OXA-58, and OXA-143 subgroups are of major clinical importance due to their wide dissemination in bacterial pathogens. The majority of these carbapenemases, except for OXA-48, have been identified in various Acinetobacter isolates, predominantly in Acinetobacter baumannii (4, 13, 14) . Among them, OXA-51-related enzymes are the most abundant and are found on the chromosomes of all A. baumannii strains tested. Recently, the gene encoding this enzyme has been identified in plasmids, which allows it to spread among various Acinetobacter species (15) . Another CHDL, OXA-48, is the notorious class D carbapenemase of Klebsiella pneumoniae and, to a lesser extent, this enzyme has spread among other members of the Enterobacteriaceae family (16) (17) (18) (19) (20) .
Due to the utmost clinical importance of class D carbapenemases, numerous studies of these enzymes, addressing their genetic diversity, epidemiology, and conferred resistance spectra, have been undertaken. To gain insights into the mechanisms of the carbapenemase activity of class D ␤-lactamases, the catalytic properties and structural features of some CHDLs have been elucidated and compared with those of class D enzymes that are considered noncarbapenemases. The premise of such comparisons is that knowledge of structural and kinetic differences between carbapenemases and noncarbapenemases would facilitate understanding of the evolution of carbapenemase activity in class D ␤-lactamases. Here we present evidence that the OXA-2 and OXA-10 ␤-lactamases, enzymes that are currently regarded as noncarbapenemases, have catalytic efficiencies against carbapenems similar to those of well-recognized CHDLs and are capable of conferring resistance to these last-resort antibiotics when expressed in A. baumannii.
MATERIALS AND METHODS

Strains and plasmids.
The genes encoding the class D ␤-lactamases OXA-2 (GenBank accession no. X07260.1), OXA-10 (GenBank accession no. U37105.2), OXA-23 (GenBank accession no. AJ132105.1), OXA-24/40 (GenBank accession no. AJ239129.2), OXA-48 (GenBank accession no. AY236073.2), and OXA-58 (GenBank accession no. AY665723.1) were custom synthesized using the nucleotide sequences reported in GenBank and were cloned into the unique NdeI-HindIII sites of the shuttle vector pNT221 (21) (NdeI-HindIII restriction sites were present in some of the sequences and were removed by making a silent mutation using A. baumannii codon usage). This vector can be transformed into both Escherichia coli and A. baumannii and uses ISAba3 (from the insertion sequence of Acinetobacter baumannii) as the promoter sequence. Acquisition of this ISAba element by clinical Acinetobacter isolates provides a strong promoter that results in the observed high level of resistance to carbapenems. The shuttle vector pNT221 with cloned genes for the OXA ␤-lactamases was subsequently introduced into E. coli strain JM83 by chemical transformation and into A. baumannii ATCC 17978 by electroporation. The presence of the plasmids in the transformants was verified by isolation of plasmid DNA and restriction digestion analysis. For purification of the enzymes, the genes for different ␤-lactamases were optimized for expression in E. coli and custom synthesized. The 5= ends of the genes encoding the signal peptides (codons for the first 18, 20, 17, 19, 21 , and 20 amino acids for OXA-10, OXA-2, OXA-23, OXA-24/40, OXA-48, and OXA-58, respectively) were removed, and a unique NdeI restriction site was introduced at the 5= end of the genes. The genes were cloned into the NdeI-HindIII restriction sites of the pET24a(ϩ) vector (Invitrogen) and transformed into chemically competent E. coli BL21(DE3). To evaluate the levels of expression of OXA ␤-lactamases in an Acinetobacter host, the enzymes were labeled with a 6ϫHis tag at the C termini, cloned into the NdeI-HindIII sites of the shuttle vector pNT221, and introduced into A. baumannii ATCC 17978 by electroporation.
Antimicrobial susceptibility testing. The MICs of a total of 20 different ␤-lactams against E. coli strain JM83 and A. baumannii ATCC 17978 harboring the empty shuttle vector or expressing the different ␤-lactamase enzymes were determined by the broth microdilution method, as described in the Clinical and Laboratory Standards Institute guidelines (22, 23) . The MICs were determined in triplicate in Mueller-Hinton II broth (Difco), using a final inoculum of 5 ϫ 10 5 CFU/ml. Microtiter plates were incubated at 37°C, and the results were interpreted after 16 to 20 hours (E. coli) or 20 to 24 hours (A. baumannii) of incubation.
Enzyme purification. All OXA enzymes used in this study were purified from 500 ml of LB broth supplemented with 60 g/ml of kanamycin. After purification to Ͼ95% homogeneity (as judged by analysis of up to 30 g of protein by SDS-PAGE), the enzymes were concentrated using a Centricon Plus 70 concentrator (Millipore) and were dialyzed against 25 mM HEPES (pH 7.5).
Cells harboring the gene encoding OXA-2 were grown at 37°C with shaking until an optical density at 600 nm (OD 600 ) of 0.8 was achieved, expression was induced with 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG), and cells were grown for 5 h at 37°C with shaking. The bacterial cells were harvested by centrifugation, resuspended in 50 mM Tris (pH 8.0), and disrupted by sonication. The cell extract was then centrifuged for 1 h at 18,000 ϫ g at 4°C. The supernatant was recovered and loaded onto a High Q anion-exchange column (Bio-Rad) equilibrated with the same buffer. The flowthrough fraction contained the purified OXA-2.
The induction of OXA-10 expression was achieved with 0.4 mM IPTG at an OD 600 of 0.8, and the cells were grown overnight at 22°C. The soluble protein was isolated in 20 mM morpholineethanesulfonic acid (MES) (pH 6.0), as described above, and was loaded onto a High Q anion-exchange column equilibrated with the same buffer. The flowthrough fraction, containing OXA-10, was recovered and loaded onto a High S cationexchange column (Bio-Rad) equilibrated with the same buffer. The column was washed with 2 column volumes of 20 mM MES (pH 6.0), and the protein was eluted using a NaCl gradient. The fractions containing the pure enzyme were identified by reaction with the chromogenic cephalosporin nitrocefin and SDS-PAGE.
Cells expressing OXA-24/40 were treated with 0.4 mM IPTG when an OD 600 of 0.6 was reached. After the addition of IPTG, the temperature was decreased to 22°C and the cells were grown overnight. The soluble fraction containing the protein was prepared in 20 mM Tris (pH 8.0), as for OXA-2, and loaded onto a High Q anion-exchange column equilibrated with the same buffer. The flowthrough fraction was recovered and dialyzed against 20 mM MES (pH 6.0). After dialysis, the OXA-24/40-containing fraction was loaded onto a CM cation-exchange column (BioRad). The column was washed with 2 column volumes of the same buffer, and the protein was eluted using a NaCl gradient. Fractions containing the pure enzyme were identified by reaction with nitrocefin and SDS-PAGE.
The OXA-48 gene-containing cells were grown until an OD 600 of 0.8 was reached, expression was induced with 1 mM IPTG, and the cells were grown overnight at 22°C. The soluble fraction was prepared in 50 mM Tris (pH 8.0), as with OXA-2, and loaded onto a High Q anion-exchange column. The purified OXA-48 was in the flowthrough fraction.
For the purification of OXA-58, cells were treated with 1 mM IPTG at an OD 600 of 0.8 and were grown overnight at 22°C. The soluble fraction containing the protein was prepared in 20 mM MES (pH 6.0) and loaded onto a High Q anion-exchange column. The flowthrough fraction, containing OXA-58, was collected and loaded onto a CM cation-exchange column. OXA-58 was eluted with a NaCl gradient, and fractions containing the purified enzyme were identified by their reaction with nitrocefin and SDS-PAGE. Finally, OXA-23 was purified as described previously (21) .
Determination of steady-state kinetic parameters. All kinetic data were collected with a Cary 50 (Varian) or Cary 60 (Agilent) spectrophotometer. The reactions were performed at room temperature in 100 mM sodium phosphate (pH 7.0) supplemented with 50 mM NaHCO 3 , 0.2 mg/ml bovine serum albumin (BSA), and various concentrations of the ␤-lactam substrate. All reactions were initiated by the addition of enzyme. The following wavelengths and extinction coefficients were used in the assays: oxacillin, ⌬ε 260 ϭ 440 cm Determination of dissociation constants. The dissociation constant (K s ) values for the tested carbapenems were determined using the Dixon method (24), with nitrocefin as the reporter substrate. The reactions were performed at room temperature in 100 mM sodium phosphate (pH 7.0) supplemented with 50 mM NaHCO 3 , 0.2 mg/ml BSA, two fixed concentrations of nitrocefin, and various concentrations of the carbapenem. The reactions were started by the addition of enzyme, with final concentrations ranging between 80 and 200 pM.
Quantification of OXA ␤-lactamases. Cells harboring the shuttle vector pNT221 with the His-tag-labeled genes for OXA ␤-lactamases were incubated overnight at 37°C in LB medium supplemented with 40 g/ml kanamycin, were diluted 100-fold into fresh LB medium, and were grown to an optical density at 600 nm of 0.6 (Ultrospec 10; Amersham Biosciences). At this optical density, the bacterial suspension contained 2.5 ϫ 10 8 cells/ml (as estimated by counting colony numbers after serial dilution of the bacterial suspensions). The bacterial suspensions were sonicated, cell debris and nonsoluble proteins were pelleted by centrifugation, and the supernatant containing soluble protein was analyzed after mixing with reducing Laemmli sample buffer. The samples were boiled and resolved on 12% TGX precast gels (Bio-Rad). Following separation, the proteins were transferred to 0.2-m polyvinylidene difluoride (PVDF) membranes using the Trans-Blot Turbo transfer system (Bio-Rad). The 6ϫHis tag was detected by immunoblot analysis with specific primary antibody (monoclonal mouse anti-6ϫHis antibody, no. MA1-21315; Thermo Scientific) and horseradish peroxidase-conjugated anti-mouse IgG secondary antibody (no. 32430; Thermo Scientific). SuperSignal West Dura (no. 34076; Thermo Scientific) was used as a substrate for horseradish peroxidase in the enhanced chemiluminescence reaction. Dilution of antibodies and visualization of 6ϫHis-tagged proteins were completed according to the manufacturer's recommendations. To quantitate and to compare protein expression levels, the gels were imaged using Image Lab software (Bio-Rad).
RESULTS AND DISCUSSION
Cloning of genes and antibiotic susceptibility testing. Of the six class D enzymes used in this study, two (OXA-2 and OXA-10) were discovered in Pseudomonas aeruginosa and are presently characterized as narrow-spectrum ␤-lactamases. The remaining four enzymes are carbapenemases; three of them (OXA-23, OXA-24/40, and OXA-58) are well known CHDLs of A. baumannii, while OXA-48 is a carbapenemase that is widely distributed in Enterobacteriaceae, predominantly K. pneumoniae. In fact, OXA-48 is the only clinically important CHDL of non-Acinetobacter origin. On the other hand, the vast majority of Ͼ100 class D ␤-lactamases that have been identified in Acinetobacter spp. are CHDLs that produce high levels of resistance to carbapenems (4, 14) . The specific bacterial host plays an important role in determining the levels of ␤-lactamase-mediated resistance. Acinetobacter is notorious for the low permeability of its cell walls and the expression of various efflux pumps (25) . This raises the question of whether the resistance to carbapenem antibiotics that is widely observed in Acinetobacter spp. results primarily from the efficient hydrolysis of antibiotics by CHDLs and/or whether the bacterial host makes a major contribution to the observed high levels of resistance. To answer this question, the OXA ␤-lactamases were expressed in both E. coli and A. baumannii from the same plasmid and the promoter conferred by ISAba3, an insertion sequence that often provides efficient promoters for class D enzymes circulating in clinical isolates of Acinetobacter spp.
Next, we determined the MICs of a panel of ␤-lactam antibiotics against strains producing the class D ␤-lactamases in E. coli strain JM83 and A. baumannii ATCC 17978. When expressed in E. coli JM83, all enzymes produced high levels of resistance to penicillins, including ampicillin, amoxicillin, benzylpenicillin, oxacillin, ticarcillin, and piperacillin (Table 1) . OXA-2 and OXA-10 produced 16-fold increases and OXA-23 and OXA-58 produced 8-fold increases in the MICs of the narrow-spectrum cephalosporin cephalothin, while OXA-10 was the only enzyme that also significantly (32-fold) increased the MIC of another narrow-spectrum cephalosporin, i.e., cefuroxime. OXA-10 was also the only enzyme that produced significant (256-fold) increases in resistance to the monobactam aztreonam and moderate (4-fold) decreases in susceptibility to the cephamycins cefoxitin and cefmetazole. Expression in E. coli JM83 of OXA-10 and OXA-58 also resulted in 32-fold increases in the MIC of the oxacephem moxalactam. OXA-10 produced the greatest decrease in susceptibility to expanded-spectrum cephalosporins (cefotaxime, ceftriaxone, and cefepime), although the resulting MICs were below clinically significant values. Similarly, production of OXA-10 resulted in a 32-fold increase in the MIC of ceftazidime. The only other OXA enzyme in this study that increased the MIC of ceftazidime was OXA-2 (64-fold increase over the baseline value). Antibiotic susceptibility testing with carbapenems produced rather unexpected results. The OXA-2 and OXA-10 ␤-lactamases, which are regarded as noncarbapenemases, produced 2-to 8-fold increases in the MICs for imipenem, meropenem, and doripenem and 32-to 128-fold increases for ertapenem. On the other hand, while two of the well-known carbapenemases, OXA-23 and OXA-24/40, elevated the MICs of carbapenems to even higher levels, the OXA-48 and OXA-58 carbapenemases conferred levels of resistance to carbapenems similar to those produced by OXA-2 and OXA-10.
We next evaluated the MICs of various ␤-lactam antibiotics against A. baumannii ATCC 17978 expressing the same OXA-type enzymes (Table 2 ). In comparison with E. coli strain JM83, the parental A. baumannii ATCC 17978 strain had decreased susceptibility to penicillins, most noticeably to ampicillin (32-fold) and piperacillin (16-fold) . Despite these differences, the MICs of various penicillins against A. baumannii ATCC 17978 expressing one of the six OXA ␤-lactamases were largely similar to the corresponding MICs with E. coli JM83 producing the same enzyme. The most prominent exceptions were the MICs for piperacillin, which increased significantly (16-to 64-fold) when the OXA-10, OXA-23, and OXA-24/40 enzymes were expressed in the Acinetobacter background. The parental A. baumannii ATCC 17978 strain was even less susceptible to cephalosporins than E. coli JM83, with differences as great as 128-to 256-fold for moxalactam, cefepime, cefotaxime, and ceftriaxone. These differences in MICs for cephalosporins were observed, to various extents, in both E. coli and A. baumannii strains producing the same OXA enzyme. A similar increase was observed with the monobactam aztreonam. More relevant to this study, the MICs of various carbapenem antibiotics were also significantly elevated in the Acinetobacter background, reaching values of up to 512 g/ml. Of interest, the dramatic increases in the MIC values for carbapenems were observed not only for bona fide CHDLs but also for the two "noncarbapenemases," OXA-2 and OXA-10. As a result, OXA-10 produced the same MICs for meropenem, ertapenem, and doripenem as the CHDL OXA-48 and higher MICs than another CHDL, OXA-58. Enzyme kinetics. While steady-state kinetics have been reported for some class D ␤-lactamases, the results presented by various groups often contradict each other (20, (26) (27) (28) (29) (30) . There could be several reasons for such discrepancies. It is well documented that, in class D enzymes, the catalytic lysine is N-carboxylated in vivo (31) . Analysis of the published kinetic data indicated that kinetic experiments were often performed without supplementing the reaction mixture with a CO 2 source, which is needed for lysine N-carboxylation. The absence of a source of CO 2 may result in only partial N-carboxylation of the active-site lysine during in vitro experiments; hence, a portion of the enzyme could be inactive during the analysis. Kinetic studies performed with partially purified enzymes or enzymes that may have lost part of their activity upon purification could also produce questionable results. In this study, we evaluated the steady-state kinetic parameters for turnover of oxacillin, imipenem, meropenem, ertapenem, and doripenem with six class D ␤-lactamases. To ensure uniformity, all kinetic measurements were performed with a saturating concentration of CO 2 and freshly prepared homogeneous enzymes. The results of our studies are presented in Table 3 .
The enzymes had catalytic efficiency (k cat /K m ) values with oxacillin in the range of 2.6 ϫ 10 5 to 6.1 ϫ 10 6 M Ϫ1 s Ϫ1 . These kinetic parameters are similar to those reported previously for OXA-10, OXA-24/40, OXA-48, and OXA-58 (to our knowledge, kinetic parameters for OXA-2 and OXA-23 with oxacillin have not been published) (20, 30, (32) (33) (34) . The catalytic efficiency (k cat /K m ) of the enzymes with individual carbapenem substrates varied by as much as 3 orders of magnitude (ϳ10 3 to 10 6 M Ϫ1 s Ϫ1 ), with OXA-10 being the least efficient carbapenemase. In general, turnover of carbapenems with the enzymes in this study was poor (k cat values of Ͻ0.5 s Ϫ1 ), with the exception of OXA-24/40, OXA-48, and OXA-58 with imipenem. For the latter three enzymes and OXA-23, the turnover of imipenem was significantly (5-to 164-fold) higher than that of the other carbapenems tested. In contrast, for OXA-2 and OXA-10, the turnover number was independent of the carbapenem tested.
The relative affinity (K m ) values of the enzymes for carbapenem antibiotics were in the nanomolar range, with the exception of OXA-10 (all carbapenems), OXA-48 (imipenem), and OXA-58 (imipenem), for which values were in the low micromolar range. As can be seen from Table 3 , the K m values for selected carbapenems could not be evaluated with all class D enzymes studied, with the exception of OXA-10. In order to measure K m values accurately, velocity data must be obtained in the range of K m , ideally from 10-fold below to 10-fold above its value. In reality, this is rarely achieved and K m values are evaluated using a much narrower range of data for which reliable signals can be obtained. Carbapenems, with extinction coefficients ranging from ϳ7,000 to 12,000 cm Ϫ1 M Ϫ1 , allow determination of K m values in the low micromolar range; determinations below that range (Ͻ0.5 to 1.0 M) are unreliable due to the low signal changes.
When K m is low and cannot be determined, it is often possible to evaluate the parameter K s , the dissociation constant for disso- ciation of the substrate from the enzyme. The K s values for meropenem, ertapenem, and doripenem with all OXA enzymes studied were in the low nanomolar range (5 to 75 nM). Similar to the trend observed for k cat values, K s values were independent of the carbapenem with OXA-2 and OXA-10 and higher for imipenem with the remaining class D enzymes. While K s does set the lower limit for K m , it should not be used as a substitute for K m , as it has been shown that these parameters may vary by 1 order of magnitude or more (35) . In fact, we observed this trend with some of our enzymes, most notably OXA-10, for which K s values were significantly lower than K m values. Evaluation of enzyme expression levels. Results of the antibiotic susceptibility tests and enzyme kinetic studies have clearly demonstrated that all class D enzymes relevant to this study, including the OXA-2 and OXA-10 ␤-lactamases, are CHDLs. For some enzymes, however, no clear correlation between the catalytic efficiencies and conferred MIC values was observed. This discrepancy was most profound when comparing the OXA-10 and OXA-48 ␤-lactamases. While the enzymes produced identical MICs for meropenem, ertapenem, and doripenem in A. baumannii ATCC 17978 (Table 2) , OXA-48 demonstrated significantly higher catalytic efficiencies with these substrates than did OXA-10 (Table 3) . Apart from the catalytic efficiency of the ␤-lactamase, the amount of soluble enzyme in the bacterial cells is a major contributor to the levels of antibiotic resistance produced. To minimize the number of factors that can influence the amounts of ␤-lactamase produced by the bacteria, we cloned all enzymes of interest for this study into the same vector under the same promoter. The enzymes were subsequently expressed in the same bacterial host, to ensure that host-dependent factors such as the permeability of the outer membrane or the function of efflux pumps would not contribute to the observed levels of antibiotic resistance. Still, additional factors such as the enzyme translation efficiency and solubility can have significant effects on the amounts of soluble ␤-lactamase in the bacterial cells. To evaluate the relative amounts of various class D ␤-lactamases produced in A. baumannii ATCC 17978, a hexahistidine tag was introduced at their C termini. Introduction of the hexahistidine tag had no influence on the MIC values for the enzymes (data not shown). Next, we evaluated the amounts of soluble class D ␤-lactamases produced in A. baumannii ATCC 17978. The immunoblot presented in Fig. 1 shows that the amounts of the OXA-2, OXA-23, OXA-24/40, and OXA-58 enzymes in the cells were relatively similar (maximum of 2.5-fold difference), while the amount of OXA-48 was significantly smaller. Quantitative analysis of the soluble enzyme fraction from the immunoblot showed 25-fold differences in the amounts of the OXA-10 and OXA-48 ␤-lactamases per bacterial cell. This large difference in the amounts of soluble enzyme produced in A. baumannii ATCC 17978 explains why OXA-10 and OXA-48 produce similar levels of resistance to carbapenem antibiotics while differing significantly in their catalytic efficiencies with these substrates. With respect to other class D ␤-lactamases used in this study, there were relatively good correlations between the amounts of soluble enzyme produced, the catalytic efficiencies, and the antibiotic resistance levels conferred.
Are all class D ␤-lactamases carbapenemases? Currently, CHDLs are defined as class D enzymes that produce clinical levels of resistance to carbapenem antibiotics. The OXA-2 and OXA-10 ␤-lactamases are currently regarded as narrow-spectrum enzymes, based on the MICs produced by these enzymes in E. coli or P. aeruginosa backgrounds. In this study, we demonstrate that, when expressed in the A. baumannii ATCC 17978 background, these enzymes produce high levels of resistance to carbapenems, similar to those conferred by classic CHDLs (Table 2 ). In contrast, when well-recognized CHDLs are expressed in the E. coli background, the MICs produced are similar to those of OXA-2 and OXA-10 and are well below clinically significant levels (Table 1) , which would not classify them as carbapenemases. These data clearly demonstrate the importance of the bacterial host in determining whether an enzyme can be classified as a CHDL. Similar results have been reported by other investigators who observed that the expression of CHDLs in the E. coli background produces only low levels of resistance to carbapenems (36, 37) . Acinetobacter is unique due to the low permeability of its outer membrane and the expression of efflux pumps, which reduce the concentrations of antibiotics in the periplasm and significantly contribute to increased levels of resistance (36, 37) . These properties of the bacterial host can explain why the vast majority of clinically important CHDLs are found in Acinetobacter spp. Thus, to answer the question of whether all or the majority of class D enzymes are carbapenemases, we have to evaluate the ability of each individual ␤-lactamase to produce clinical levels of resistance to carbapenems when expressed in Acinetobacter. Another important issue that has yet to be addressed is the evaluation of the relative contributions of other parameters (the ␤-lactamase turnover rate, the affinity of the enzyme for the substrate, and the amount of enzyme produced by the cells) to the produced levels of resistance to carbapenems. Our kinetic data demonstrate that all enzymes studied have very low turnover rates (k cat ) and very high affinities (as defined by K s ) for carbapenems. It is thus tempting to suggest that, in the Acinetobacter background (characterized by low concentrations of antibiotics in the periplasm), the affinities of enzymes for the carbapenems play more important roles in resistance than do their turnover rates, due to drug sequestration by these tightbinding enzymes. Finally, the amounts of enzymes produced by the bacteria significantly influence the antibiotic resistance levels produced, as exemplified here by comparison of the levels of expression of the OXA enzymes used in this study. When the levels of ␤-lactamase expression are very high, it may be expected that a tight-binding enzyme with relatively low turnover rates would still be able to confer resistance to carbapenems in the Acinetobacter background, mainly as a result of antibiotic sequestration. In contrast, low levels of enzyme expression would require higher turnover rates to reach similar levels of resistance. Lastly, the demonstration that OXA-2 and OXA-10 have kinetic properties similar to those of CHDLs has to be taken into consideration when elucidating the mechanisms of carbapenemase activity for class D ␤-lactamases. Their structures have been used in comparative studies with bona fide CHDLs. The rationale behind these studies was that structural differences between OXA-2 and OXA-10, which are regarded as narrow-spectrum enzymes, and CHDLs would permit the identification of structural features responsible for the extension of the substrate profile of class D ␤-lactamases. Our data suggest that conclusions regarding the structural requirements for the carbapenemase activity of CHDLs that are based primarily on such comparisons need to be critically reevaluated. The kinetics of other class D enzymes that are currently classified as narrow-or extended-spectrum ␤-lactamases also may need to be carefully reexamined prior to use of the enzymes for comparative studies with CHDLs.
Conclusions. The most troubling development in the field of class D ␤-lactamases is the spread of enzymes conferring resistance to carbapenem antibiotics. Except for OXA-48, the enzyme that circulates in Enterobacteriaceae (predominantly K. pneumoniae), the majority of clinically important class D carbapenemases (CHDLs) are present in Acinetobacter spp. CHDLs confer high levels of resistance to the last-resort antibiotics carbapenems, severely compromising available therapeutic options, which results in very high mortality rates. Our studies have demonstrated that the OXA-2 and OXA-10 ␤-lactamases, which are currently classified as narrow-spectrum enzymes, are in fact CHDLs. Their abilities to produce high levels of resistance to carbapenem antibiotics in A. baumannii may have serious clinical implications. Both enzymes have recently been identified in A. baumannii isolates (14, 38) , raising the possibility that many, if not all, class D ␤-lactamases could potentially be exploited by this deadly bacterial pathogen for self-protection against the deleterious effects of carbapenem antibiotics.
